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In SMEFT framework

|A |2 = |ASM |2 +
2Re(A*SM A6)

Λ2
+

1
Λ4 ( |A6 |2 + 2Re(A*SM A8)) + ⋯

interference piece, 
usually largest effect. 

State of the art 
SMEFT

‘Higher order’ 
 corections(1/Λ)

SMEFT Warsaw basis:      operators at dim-6 
 operators at dim-8

𝒪(60)
𝒪(1000)

What’s the impact from  corrections?1/Λ4

2



Higher order effects so should be small… but 

• they are a form of uncertainty;  ‘theory error’ on extracted scale Λ

• there are instances where interference term isn’t present or is 
suppressed, e.g. helicity mismatch between SM and dim-6

• faster growth with energy,   vs.   : increasingly important when 
looking at high energy (e.g. tails of some kinematic distribution)

E4 E2

But full treatment to , with all  operators doesn’t 
seem feasible

1/Λ4 𝒪(1100)
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|A |2 = |ASM |2 +
2Re(A*SM A6)

Λ2
+

1
Λ4 ( |A6 |2 + 2Re(A*SM A8)) + ⋯

Some thoughts on how to proceed

1.) Use (dim-6)2 piece as a proxy for higher order effects. Add it as a 
theory uncertainty when performing SMEFT analysis. Fully set by dim-6 
operators, machinery already in place


2.) Reorganize SMEFT to minimize the number of higher dimensional 
operators needed for as many processes as possible

[Helset, AM, Trott, 2001.01453,Hays, Helset, AM, Trott 2007.00565, part of dim 8+ LOI]

[Shepherd et al. 1711.07484 .1812.0757, extend work in LOI with Shepherd, 
Lewis, Kim, Gu]
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Change field strength 
normalization/inputs

Modify existing vertices New multi-particle

interactions 

vojwfstbm tqfdjgjd

What do higher dimensional operators do?
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Change field strength 
normalization/inputs

Modify existing vertices New multi-particle

interactions 

vojwfstbm tqfdjgjd

But, can reorganize so that

Nboz!pqfsbupstGfx!pqfsbupst

What do higher dimensional operators do?
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Change field strength 
normalization/inputs

Modify existing vertices New multi-particle

interactions 

With new organization: number of operators that affect 2- and 3-pt 
vertices is small and ~constant with mass dimension

Makes full  study possible for certain processes 
(can also extrapolate, generate compact all-orders results)

1/Λ4

What do higher dimensional operators do?
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First hint: Misiak et al 1812.11513 

Fully exploiting IBP and EOM redundancies, the only SMEFT operator 
types that contribute to bosonic 2-pt interactions are:

Hn , HnX2 , D2Hn
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First hint: Misiak et al 1812.11513 

Fully exploiting IBP and EOM redundancies, the only SMEFT operator 
types that contribute to bosonic 2-pt interactions are:

Hn , HnX2 , D2Hn

•  ? — too many fields   (DH†)(DH)(DH†)(DH)

•   ? — via IBP and EOM, reduces to operators 
with 2 derivs + operators with > 2 fields
(D{μν}H†D{μν}H)(H†H)

Similar arguments can be made for operators with field 
strengths, more derivatives

Why not e.g.  ?  D4H4

…
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First hint: Misiak et al 1812.11513 

Fully exploiting IBP and EOM redundancies, the only SMEFT operator 
types that contribute to bosonic 2-pt interactions are:

Hn , HnX2 , D2Hn

•  ? — too many fields   (DH†)(DH)(DH†)(DH)

•   ? — via IBP and EOM, reduces to operators 
with 2 derivs + operators with > 2 fields
(D{μν}H†D{μν}H)(H†H)

Why not e.g.  ?  D4H4

…

Bosonic kinetic piece 
defined by two functions:  

h(H)(DμH†DμH) , gAB(H)𝒲A
μν𝒲Bμν

𝒲A = (W1, W2, W3, B)
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Even better:

Number of   type operators ~ doesn’t change 
with mass dimension

Hn , Hn X2 , D2Hn

Mass Dimension

Field space connection 6 8 10 12 14

hIJ(φ)(Dµφ)I(Dµφ)J 2 2 2 2 2

gAB(φ)WA
µνWB,µν 3 4 4 4 4

kIJA(φ)(Dµφ)I(Dνφ)JWA
µν 0 3 4 4 4

fABC(φ)WA
µνWB,νρWC,µ

ρ 1 2 2 2 2

Y u
pr(φ)Q̄u+ h.c. 2N2

f 2N2
f 2N2

f 2N2
f 2N2

f

Y d
pr(φ)Q̄d+ h.c. 2N2

f 2N2
f 2N2

f 2N2
f 2N2

f

Y e
pr(φ)L̄e+ h.c. 2N2

f 2N2
f 2N2

f 2N2
f 2N2

f

de,prA (φ)L̄σµνeWµν
A + h.c. 4N2

f 6N2
f 6N2

f 6N2
f 6N2

f

du,prA (φ)Q̄σµνuWµν
A + h.c. 4N2

f 6N2
f 6N2

f 6N2
f 6N2

f

dd,prA (φ)Q̄σµνdWµν
A + h.c. 4N2

f 6N2
f 6N2

f 6N2
f 6N2

f

LψR

pr,A(φ)(D
µφ)J (ψ̄p,RγµσAψr,R) N2

f N2
f N2

f N2
f N2

f

LψL

pr,A(φ)(D
µφ)J(ψ̄p,LγµσAψr,L) 2N2

f 4N2
f 4N2

f 4N2
f 4N2

f

Table 1. Counting of operators contributing to two- and three-point functions from Hilbert series.
These results are consistent with Ref. [4].

The minimum is redefined order by order in the power counting expansion

〈H†H〉 =
v2

2

(

1 +
3C(6)

H v2

4λ
+ v4

9 (C(6)
H )2 + 4C(8)

H λ

8λ2
+ · · ·

)

≡
v̄2T
2
. (3.2)

This generalization of the expectation value simplifies at leading order in 1/Λ2 to the vev

of the SM. Including the leading 1/Λ2 correction, the result is that of Ref. [26], the 1/Λ4

correction is as given in Ref. [18], etc. At higher orders in the polynomial expansion of H†H

that results from taking the derivative of the potential, numerical methods must be used to

find a minimum due to the Abel–Ruffini theorem. Note that this also means that expanding

out the vev dependence in a formal all-orders result to a fixed order necessarily requires

numerical methods.

The expectation values of the field space connections is also denoted by 〈〉 and a critical

role is played by
√
h
IJ

= 〈hIJ 〉1/2, and √gAB = 〈gAB〉1/2. The
√
h and

√
g depend on v̄T .

3.1 Scalar bilinear metric: hIJ(φ)

The relevant terms in L(6,8) for the scalar metric are [18]

L(6,8) ⊇ C(6)
H!(H

†H)!(H†H) + C(6)
HD(H

†DµH)$(H†DµH) (3.3)

+ C(8)
HD(H

†H)2(DµH)†(DµH) + C(8)
H,D2(H

†H)(H†σaH)(DµH)† σa (DµH).

– 10 –

 Consequence of group theory + Bose statistics  
Verified with Hilbert series method

Q(8+2n)
HD = (H†H)n+2 (DμH)

†
(DμH)

Q(8+2n)
H,D2 = (H†H)n+1 (H†σaH) (DμH)

†
σa (DμH)

contributions to hIJ

9



What about 3-pt interactions? Similar story

• 3 fields only, Lorentz invariance

• non-Higgs derivatives increase field count or introduce momentum

Dψ, Dψ̄, DX → 2 fields or 1 field + 1 momentum
DH → 1 or 2 fields or 1 field + 1 momentum

10



What about 3-pt interactions? Similar story

• 3 fields only, Lorentz invariance

• non-Higgs derivatives increase field count or introduce momentum

Dψ, Dψ̄, DX → 2 fields or 1 field + 1 momentum
DH → 1 or 2 fields or 1 field + 1 momentum

But all momentum dot products reduce to masses once we 
impose momentum conservation

Ex.) DμH (Dμψ̄) ψ

∼ (pH ⋅ pψ̄) H ψ̄ ψ

pH + pψ̄ + pψ = 0∼ (
m2

ψ − m2
H − m2

ψ̄

2 ) H ψ̄ ψ

Just changes coefficient of  : not a new operator structureH ψ̄ ψ
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Just changes coefficient of  : not a new operator structureH ψ̄ ψ
True whenever   = momentumDF
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Allowed 3-pt structures:

As before, # operators small and remains ~fixed for increasing mass dimension
Mass Dimension
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pr(φ)Q̄u+ h.c. 2N2
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Y d
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Similarly, D2ψ can be reduced as

D2ψ = DµDνg
µνψ = DµDν(γ

µγν + iσµν)ψ ⇒ EOM and higher-points, (2.8)

where σµν = i
2(γµγν − γνγµ). In what follows, when D2F appears, it is replaced in terms of

EOM terms and higher-point functions for these reasons. Explicitly reducing operator forms

by the EOM, when possible, in favour of other composite operators, has a key role in these

arguments.

Now consider higher-derivative contributions to three-point functions. Explicit appear-

ances of D2F are removed due to the proceeding argument. Further, a general combination

of derivatives, acting on three general SM fields F1,2,3,

f(H)(DµF1)(DνF2)D{µν}F3, (2.9)

is removable in terms of EOM terms and higher-point functions, using integration by parts:

f(H)(DµF1)(DνF2)D{µν}F3 (2.10)

=− f(H)
[

(D2F1)(DνF2) + (DµF1)(DµDνF2) + (DµDνF1)(DµF2) + (DνF1)(D
2F2)

]

(DνF3)

− (Dµf(H)) [(DµF1)(DνF2) + (DνF1)(DµF2)] (DνF3)

⇒− f(H) [(DµF1)(DµDνF2) + (DµDνF1)(DµF2)] (DνF3) + EOM and higher-points

⇒− f(H)(D[µ,ν]F1)(DµF2)(DνF3) + f(H)(DµF1)(DµF2)(D
2F3) + EOM and higher-points

⇒ EOM and higher-points.

As a result, in general, an operator with four or more derivatives acting on three (possibly

different) fields Fi can be reduced out of three-point amplitudes.

When considering field space connections that can reduce to three-point functions when

a vacuum expectation value is taken, we also use

f(φ)F1 (DµF2) (DµF3)⇒ (Dµf(φ)) (DµF1)F2 F3 +
1

2
(D2f(φ))F1 F2 F3 + EOM ,(2.11)

to conventionally move derivative terms onto scalar fields. After reducing the possible field

space connections using these arguments systematically, and integrating by parts, a minimal

generalization of field space connections for CP even electroweak bosonic two- and three-point

amplitudes is composed of

hIJ (φ)(Dµφ)
I(Dµφ)

J , gAB(φ)WA
µνWB,µν , kAIJ(φ)(Dµφ)

I(Dνφ)
J Wµν

A ,

fABC(φ)WA
µνWB,νρWC,µ

ρ ,

and the scalar potential V (φ).

The minimal set of field space connections involving fermionic field in two- and three-point

functions is

Y (φ)ψ̄1ψ2, LI,A(φ)ψ̄1γ
µτAψ2(Dµφ)

I , dA(φ)ψ̄1σ
µνψ2WA

µν ,
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[+ versions with GA ]

Similarly, D2ψ can be reduced as

D2ψ = DµDνg
µνψ = DµDν(γ

µγν + iσµν)ψ ⇒ EOM and higher-points, (2.8)

where σµν = i
2(γµγν − γνγµ). In what follows, when D2F appears, it is replaced in terms of

EOM terms and higher-point functions for these reasons. Explicitly reducing operator forms

by the EOM, when possible, in favour of other composite operators, has a key role in these

arguments.

Now consider higher-derivative contributions to three-point functions. Explicit appear-

ances of D2F are removed due to the proceeding argument. Further, a general combination

of derivatives, acting on three general SM fields F1,2,3,

f(H)(DµF1)(DνF2)D{µν}F3, (2.9)

is removable in terms of EOM terms and higher-point functions, using integration by parts:

f(H)(DµF1)(DνF2)D{µν}F3 (2.10)

=− f(H)
[

(D2F1)(DνF2) + (DµF1)(DµDνF2) + (DµDνF1)(DµF2) + (DνF1)(D
2F2)

]

(DνF3)

− (Dµf(H)) [(DµF1)(DνF2) + (DνF1)(DµF2)] (DνF3)

⇒− f(H) [(DµF1)(DµDνF2) + (DµDνF1)(DµF2)] (DνF3) + EOM and higher-points

⇒− f(H)(D[µ,ν]F1)(DµF2)(DνF3) + f(H)(DµF1)(DµF2)(D
2F3) + EOM and higher-points

⇒ EOM and higher-points.

As a result, in general, an operator with four or more derivatives acting on three (possibly

different) fields Fi can be reduced out of three-point amplitudes.

When considering field space connections that can reduce to three-point functions when

a vacuum expectation value is taken, we also use

f(φ)F1 (DµF2) (DµF3)⇒ (Dµf(φ)) (DµF1)F2 F3 +
1

2
(D2f(φ))F1 F2 F3 + EOM ,(2.11)

to conventionally move derivative terms onto scalar fields. After reducing the possible field

space connections using these arguments systematically, and integrating by parts, a minimal

generalization of field space connections for CP even electroweak bosonic two- and three-point

amplitudes is composed of

hIJ (φ)(Dµφ)
I(Dµφ)

J , gAB(φ)WA
µνWB,µν , kAIJ(φ)(Dµφ)

I(Dνφ)
J Wµν

A ,

fABC(φ)WA
µνWB,νρWC,µ

ρ ,

and the scalar potential V (φ).

The minimal set of field space connections involving fermionic field in two- and three-point

functions is

Y (φ)ψ̄1ψ2, LI,A(φ)ψ̄1γ
µτAψ2(Dµφ)

I , dA(φ)ψ̄1σ
µνψ2WA

µν ,

– 6 –

Ijhht.efqfoefou!｀dpoofdujpotａ

11



Allowed 3-pt structures:

As before, # operators small and remains ~fixed for increasing mass dimension
Mass Dimension

Field space connection 6 8 10 12 14

hIJ(φ)(Dµφ)I(Dµφ)J 2 2 2 2 2

gAB(φ)WA
µνWB,µν 3 4 4 4 4

kIJA(φ)(Dµφ)I(Dνφ)JWA
µν 0 3 4 4 4

fABC(φ)WA
µνWB,νρWC,µ

ρ 1 2 2 2 2

Y u
pr(φ)Q̄u+ h.c. 2N2

f 2N2
f 2N2

f 2N2
f 2N2

f

Y d
pr(φ)Q̄d+ h.c. 2N2

f 2N2
f 2N2

f 2N2
f 2N2

f

Y e
pr(φ)L̄e+ h.c. 2N2

f 2N2
f 2N2

f 2N2
f 2N2

f

de,prA (φ)L̄σµνeWµν
A + h.c. 4N2

f 6N2
f 6N2

f 6N2
f 6N2

f

du,prA (φ)Q̄σµνuWµν
A + h.c. 4N2

f 6N2
f 6N2

f 6N2
f 6N2

f

dd,prA (φ)Q̄σµνdWµν
A + h.c. 4N2

f 6N2
f 6N2

f 6N2
f 6N2

f

LψR

pr,A(φ)(D
µφ)J (ψ̄p,RγµσAψr,R) N2

f N2
f N2

f N2
f N2

f

LψL

pr,A(φ)(D
µφ)J(ψ̄p,LγµσAψr,L) 2N2

f 4N2
f 4N2

f 4N2
f 4N2

f

Table 1. Counting of operators contributing to two- and three-point functions from Hilbert series.
These results are consistent with Ref. [4].

The minimum is redefined order by order in the power counting expansion

〈H†H〉 =
v2

2

(

1 +
3C(6)

H v2

4λ
+ v4

9 (C(6)
H )2 + 4C(8)

H λ

8λ2
+ · · ·

)

≡
v̄2T
2
. (3.2)

This generalization of the expectation value simplifies at leading order in 1/Λ2 to the vev

of the SM. Including the leading 1/Λ2 correction, the result is that of Ref. [26], the 1/Λ4

correction is as given in Ref. [18], etc. At higher orders in the polynomial expansion of H†H

that results from taking the derivative of the potential, numerical methods must be used to

find a minimum due to the Abel–Ruffini theorem. Note that this also means that expanding

out the vev dependence in a formal all-orders result to a fixed order necessarily requires

numerical methods.

The expectation values of the field space connections is also denoted by 〈〉 and a critical

role is played by
√
h
IJ

= 〈hIJ 〉1/2, and √gAB = 〈gAB〉1/2. The
√
h and

√
g depend on v̄T .

3.1 Scalar bilinear metric: hIJ(φ)

The relevant terms in L(6,8) for the scalar metric are [18]

L(6,8) ⊇ C(6)
H!(H

†H)!(H†H) + C(6)
HD(H

†DµH)$(H†DµH) (3.3)

+ C(8)
HD(H

†H)2(DµH)†(DµH) + C(8)
H,D2(H

†H)(H†σaH)(DµH)† σa (DµH).
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Similarly, D2ψ can be reduced as

D2ψ = DµDνg
µνψ = DµDν(γ

µγν + iσµν)ψ ⇒ EOM and higher-points, (2.8)

where σµν = i
2(γµγν − γνγµ). In what follows, when D2F appears, it is replaced in terms of

EOM terms and higher-point functions for these reasons. Explicitly reducing operator forms

by the EOM, when possible, in favour of other composite operators, has a key role in these

arguments.

Now consider higher-derivative contributions to three-point functions. Explicit appear-

ances of D2F are removed due to the proceeding argument. Further, a general combination

of derivatives, acting on three general SM fields F1,2,3,

f(H)(DµF1)(DνF2)D{µν}F3, (2.9)

is removable in terms of EOM terms and higher-point functions, using integration by parts:

f(H)(DµF1)(DνF2)D{µν}F3 (2.10)

=− f(H)
[

(D2F1)(DνF2) + (DµF1)(DµDνF2) + (DµDνF1)(DµF2) + (DνF1)(D
2F2)

]

(DνF3)

− (Dµf(H)) [(DµF1)(DνF2) + (DνF1)(DµF2)] (DνF3)

⇒− f(H) [(DµF1)(DµDνF2) + (DµDνF1)(DµF2)] (DνF3) + EOM and higher-points

⇒− f(H)(D[µ,ν]F1)(DµF2)(DνF3) + f(H)(DµF1)(DµF2)(D
2F3) + EOM and higher-points

⇒ EOM and higher-points.

As a result, in general, an operator with four or more derivatives acting on three (possibly

different) fields Fi can be reduced out of three-point amplitudes.

When considering field space connections that can reduce to three-point functions when

a vacuum expectation value is taken, we also use

f(φ)F1 (DµF2) (DµF3)⇒ (Dµf(φ)) (DµF1)F2 F3 +
1

2
(D2f(φ))F1 F2 F3 + EOM ,(2.11)

to conventionally move derivative terms onto scalar fields. After reducing the possible field

space connections using these arguments systematically, and integrating by parts, a minimal

generalization of field space connections for CP even electroweak bosonic two- and three-point

amplitudes is composed of

hIJ (φ)(Dµφ)
I(Dµφ)

J , gAB(φ)WA
µνWB,µν , kAIJ(φ)(Dµφ)

I(Dνφ)
J Wµν

A ,

fABC(φ)WA
µνWB,νρWC,µ

ρ ,

and the scalar potential V (φ).

The minimal set of field space connections involving fermionic field in two- and three-point

functions is

Y (φ)ψ̄1ψ2, LI,A(φ)ψ̄1γ
µτAψ2(Dµφ)

I , dA(φ)ψ̄1σ
µνψ2WA

µν ,

– 6 –
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Basis with minimal 2- and 3-pt operators:  
 

geometric SMEFT = ‘geoSMEFT’ 
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Key part of 2- and 3-pt result is that special kinematics forbade
DF ∼ momentum

No longer true at -pt interactions, operators can depend on≥ 4
𝒪 ∼ sn tm

 infinite set of higher derivative operators can contribute⟶

4-pt interactions: can we go ‘full metric’?

12



• still may be some surprising structure for  — worth thinking aboutn ≥ 4

• emphasizes the importance of on-resonance measurements for 
SMEFT

4-pt interactions: can we go ‘full metric’?

suppressed by  
Γ M
v2

resonant:

non-resonant:

 operators at 
 

𝒪(10)
1/Λ4

 operators≫ 10

all contribute
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Can get ‘all orders’ expressions for  processes: 1 → 2

e.g)   h → γγ

The dipole couplings are defined as

〈Z|ūpLu
r
R〉 = −2ḡZ ū

p
L/pZ/εZu

p
R

(

〈du,pr3 〉
c2θZ
g2
− 〈du,pr4 〉

s2θZ
g1

)

,

〈Z|d̄pLd
p
R〉 = −2ḡZ d̄

p
L/pZ/εZd

p
R

(

〈dd,pr3 〉
c2θZ
g2
− 〈dd,pr4 〉

s2θZ
g1

)

,

〈Z|ēpLe
p
R〉 = −2ḡZ ē

p
L/pZ/εZe

p
R

(

〈de,pr3 〉
c2θZ
g2
− 〈de,pr4 〉

s2θZ
g1

)

, (4.19)

and

〈W+|q̄p dr〉 = −
√
2
ḡ2
g2

(

〈dd,pr1 〉 + i〈dd,pr2 〉
)

ūpL/pW/εW drR,

〈W−|q̄p ur〉 = −
√
2
ḡ2
g2

(〈du,pr1 〉 − i〈du,pr2 〉 ) d̄pL/pW /εW urR,

〈W+|"̄p er〉 = −
√
2
ḡ2
g2

(〈de,pr1 〉 + i〈de,pr2 〉 ) ν̄pL/pW /εW erR. (4.20)

Here the fermions in the dipole connections are in the weak eigenstate basis and a Hermitian

conjugate connection also exists in each case. The expectation values of dA are understood

to be the upper (lower) component of an SU(2) doublet for de1,2, d
d
1,2, and du3,4 (du1,2, d

e
3,4, and

dd3,4).

4.6 hAA, hAZ couplings

The effective coupling of h-γ-γ, including the tower of v̄2T /Λ
2 corrections, is given by

〈h|A(p1)A(p2)〉 = −〈hAµνAµν〉
√
h
44

4

[

〈
δg33(φ)

δφ4
〉
e2

g22
+ 2〈

δg34(φ)

δφ4
〉
e2

g1g2
+ 〈

δg44(φ)

δφ4
〉
e2

g21

]

,

(4.21)

where Aµν = ∂µAν − ∂νAµ, and 〈hAµνAµν〉 = −4(p1 ·p2ε1·ε2 − p1·ε2p2·ε1) when ε1(p1), ε2(p2)
are the polarization vectors of the external γ’s. Similarily the coupling to h-γ-Z is given by

〈h|A(p1)Z(p2)〉 (4.22)

= −〈hAµνZµν〉
√
h
44

2
ē ḡZ

[

〈
δg33(φ)

δφ4
〉
c2θZ
g22

+ 〈
δg34(φ)

δφ4
〉
c2θZ − s2θZ

g1g2
− 〈

δg44(φ)

δφ4
〉
s2θZ
g21

]

,

where 〈hAµνZµν〉 = −2(p1 ·p2ε1 ·ε2 − p1 ·ε2p2 ·ε1).
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3.1 �(h ! ��) to L
(8)

In the SM, �(h ! ��) is loop suppressed, and the leading order result was developed in

Refs. [17–19]. Defining

A
h��

SM =
i g e

2

16⇡2mw

Z 1

0
dx

Z 1�x

0
dy

 
�4m2

w + 6x ym2
w + x ym

2
h

m2
w � x ym

2
h

+
X

f

NcQ
2
f

m
2
f
(1� 4x y)

m
2
f
� x ym

2
h

!
,

hhA
µ⌫
Aµ⌫i = hh|hA

µ ⌫
Aµ ⌫ |�(pa), �(pb)i = �4

⇣
pa · pb g

↵�
� p

�

a p
↵

b

⌘
✏↵✏� , (3.3)

the three-point function h� � � � in the SMEFT is given by [5]

hh|� �i =� hhA
µ⌫
Aµ⌫i

p
h
44

4


h
�g33(�)

��4
i
e
2

g
2
2

+ 2h
�g34(�)

��4
i
e
2

g1g2
+ h

�g44(�)

��4
i
e
2

g
2
1

�

+ hhA
µ⌫
Aµ⌫iA

h��

SM . (3.4)

Here we have used the geometric electric charge gauge coupling and Weinberg angle [5]

ē = g2

⇣
s
✓̄

p
g
33 + c

✓̄

p
g
34
⌘
= g1

⇣
c
✓̄

p
g
44 + s

✓̄

p
g
34
⌘
, (3.5)

s
2
✓̄
=

(g1
p
g
44

� g2
p
g
34)2

g
2
1[(

p
g
34)2 + (

p
g
44)2] + g

2
2[(

p
g
33)2 + (

p
g
34)2]� 2g1g2

p
g
34(

p
g
33 +

p
g
44)

. (3.6)

These geometric Lagrangian parameters are functions of the field space connections hIJ , gAB,

in particular the matrix square roots of these field space connections
p
g
AB

= hgABi
1/2, and

p
hIJ = hhIJi

1/2.2 As the SMEFT perturbations are small corrections to the SM, the field

space connection is a positive semi-definite matrix, with a unique square root.

The key point of this paper is to make manifest the consequences of the fact that h����

at 1/⇤2 is hhAµ⌫
Aµ⌫ihh|��iL(6) where

hh|��iL(6) =

"
g
2
2 C̃

(6)
HB

+ g
2
1 C̃

(6)
HW

� g1 g2 C̃
(6)
HWB

(gSM
Z

)2

#
, (3.7)

where (gSM
Z

)2 = g
2
1 + g

2
2, while to 1/⇤4 order this three point function is

hh|��ito dim 8 = hhA
µ⌫
Aµ⌫i

1

v̄T

h
v̄TA

h��

SM +
⇣
1 + h

p

h
44
iL(6)

⌘
hh|��iL(6) + 2 (hh|��iL(6))2

+ (hh|��iL(6))|
C

(6)
i !C

(8)
i

i
(3.8)

where

h

p

h
44
iL(6) = �

1

2
C̃

(6)
H⇤ �

1

4
C̃

(6)
HD

. (3.9)

2Note that
p
gABpg

BC
⌘ �AC and

p
h
IJp

hJK ⌘ �IK .
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!I!opsnbmj{bujpo fyqboe! !up!hfu!mjofbs!i!qjfdfg33(ϕ)𝒲3
μν𝒲3μν

hp!up!nbtt!cbtjt

application: expanding, can now calculate full  corrections and 
see how well (dim-6)2 captures the result

1/Λ4

𝒜hγγ
SM

2
+ 2 Re (𝒜hγγ

SM)⟨h |γγ⟩ℒ(6) + ⟨h |γγ⟩2
ℒ(6)

⟨h |γγ⟩ℒ(6) = [
g2

2C̃(6)
HB + g2

1C̃(6)
HW − g1g2C̃(6)

HWB

(g2
1 + g2

2) v̄T ]defining:

(dim-6)2 estimate: 
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Can get ‘all orders’ expressions for  processes: 1 → 2

𝒜hγγ
SM

2
+2 Re (𝒜hγγ

SM) (1 + ⟨ h
44⟩

ℒ(6))⟨h |γγ⟩ℒ(6) + (1 + 4v̄T Re (𝒜hγγ
SM)) (⟨h |γγ⟩ℒ(6))2

+2 Re (𝒜hγγ
SM)

g2
2C̃(8)

HB + g2
1 (C̃(8)

HW − C̃(8)
HW,2) − g1g2C̃(8)

HWB

(g2
1 + g2

2) v̄T

 Full  result:𝒪(1/Λ4)

e.g)   h → γγ

Significant differences between full and (dim6)2 result!

At , only involves  operators1/Λ4 𝒪(10)
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Working to  :1/Λ4

fixing  
result: contours show 
range of effects once 
full  effects are 

included

1/Λ2, (dim-6)2

1/Λ4

��� ��� ��� ��� ��� ��� ���

-���
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���

���

���

���

��	

���

� (���)

�(
��

��
)

�������	
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Figure 1. The deviations in h ! �� from the O(v2/⇤2) (red line) and partial-square (black
line) results, and the full O(v4/⇤4) results (green ±1��, yellow ±2��, and grey ±3�� regions).
In the left panel the coe�cients determining the O(v2/⇤2) and partial-square results are C

(6)
HB

=

�0.01, C(6)
HW

= 0.004, C(6)
HWB

= 0.007, C(6)
HD

= �0.74, and �G
(6)
F

= �1.6. In the right panel they are

C
(6)
HB

= 0.007, C(6)
HW

= 0.007, C(6)
HWB

= �0.015, C(6)
HD

= 0.50, and �G
(6)
F

= 1.26.

Figure 2. The deviations in h ! Z� from the O(v2/⇤2) (red line) and partial-square (black
line) results, and the full O(v4/⇤4) results (green ±1��, yellow ±2��, and grey ±3�� regions).
In the left panel the coe�cients determining the O(v2/⇤2) and partial-square results are C

(6)
HB

=

�0.01, C(6)
HW

= 0.02, C(6)
HWB

= �0.011, C(6)
HD

= 0.53, and �G
(6)
F

= 0.13. In the right panel they are

C
(6)
HB

= 0.002, C(6)
HW

= 0.001, C(6)
HWB

= �0.001, C(6)
HD

= 0.28, and �G
(6)
F

= �1.15.

– 17 –

 only1/Λ2

1/Λ2 + (dim-6)2

:   Quantify effect by randomly drawing coefficients and 
comparing dim-6, (dim-6)2 and full  result: 


for `tree’ operators:  ,`loop’ operators: 
1/Λ4

𝒪(1) 𝒪(0.01)
[Arzt’93], [Einhorn, Wudka ’13], [Craig et al ’20]

e.g)   h → γγ
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= 0.02, C(6)
HWB

= �0.011, C(6)
HD

= 0.53, and �G
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F

= 0.13. In the right panel they are

C
(6)
HB
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HW
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HWB

= �0.001, C(6)
HD

= 0.28, and �G
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F

= �1.15.

– 17 –

 only1/Λ2

1/Λ2 + (dim-6)2 Large effect, as only 
loop-level operators 

enter at dim-6, 
while tree-level 

operators enter at 
dim-8

similar story for h → Zγ

Working to  :1/Λ4
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Figure 3. The deviations in Z ! `` from the O(v2/⇤2) (red line) and partial-square (black line)
results, and the full O(v4/⇤4) results (green ±1��, yellow ±2��, and grey ±3�� regions). In the left
panel the coe�cients determining the O(v2/⇤2) and partial-square results are C1,(6)

H`
= �0.46, C3,(6)

H`
=

1.24, C(6)
He

= 1.53, C(6)
HD

= �0.79, C(6)
HWB

= 0.007, and �G
(6)
F

= 0.16. In the right panel they are

C
1,(6)
H`

= 1.55, C3,(6)
H`

= �0.71, C(6)
He

= 0.23, C(6)
HD

= �0.51, C(6)
HWB

= �0.008, and �G
(6)
F

= �0.44.

SMEFT result as an estimate of a ‘truncation uncertainty’; and (2) taking the fractional un-

certainty on each coe�cient to be v
2
/⇤2. The former procedure uses the partial O(v4/⇤4)

information in the L(6) operators to take all the calculable terms when complete higher orders

are not available. The latter procedure instead only scales the measured coe�cient by the

ratio of dimensionful parameters.

We test the uncertainty procedures by taking the full O(v4/⇤4) SMEFT calculation to

provide the ‘true’ value of a given coe�cient. The shift in the partial width relative to the

SM is calculated for a set of coe�cients drawn from a gaussian distribution. Fixing the value

of this shift and taking a given value of ⇤, we determine the change in one of the coe�cients

when calculating the partial width at O(v2/⇤2), or with the partial-square procedure. The

deviation in the coe�cient value relative to its initial value is taken as the ‘truncation error’.

Figure 4 shows the distribution of this error for C(6)

HW
in the O(v2/⇤2) (left) and partial-

square (right) calculations of �(h ! ��) using 50,000 samplings of the coe�cients and taking

⇤ = 2.5 TeV. This error distribution can be compared to the distribution of uncertainty

estimates shown in Fig. 5, where the distribution in the left panel is the di↵erence between

the O(v2/⇤2) and partial-square calculations, and in the right panel it is v
2
/⇤2 times the

coe�cient. The uncertainty estimate is 1-2 orders of magnitude smaller than the error, with

the v
2
/⇤2 distribution narrower by a factor of a few.

The validity of an uncertainty estimate is typically demonstrated by the pull distribution,

defined as the error divided by the uncertainty. An unbiased estimate of the central value

– 18 –

e.g.) Z → ℓ+ℓ−

⟨Z |ℓℓ⟩to v2/Λ2 ∼ (C(6)

1.0 ) v2

Λ2

⟨Z |ℓℓ⟩to v4/Λ4 ∼ (C(8)

1.0 ) v4

Λ4

Now tree-level operators 
present for both dim-6 and 

dim-8

smaller impact, but still present, 
especially if  is smallΛ

Working to  :1/Λ4
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Takeaways

Study the ‘truncation error’ from higher order SMEFT effects 

• Explore (dim-6)2 contribution as a proxy theory uncertainty

• geoSMEFT basis: basis where 2 and 3 particle vertices sensitive 
to a minimal # of operators, # ~ constant with mass dimension. 
Useful to inform where (dim-6)2 fails/succeeds at capturing  
effects.   

1/Λ4

Lots of other possible directions:

•  versus SM NLO1/Λ4
• How to pin down new 

coefficients, rather than treat 
them as nuisance parameters? 

• Top-down studies

THANK YOU!

• All-orders results
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Backup
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(H†H)n W2
L jhopsf!Mpsfou{-!gpdvt!po!TV)3*X!sfqt/

H = (1/2) ∴ Hn = (n /2)
H† = (1/2) ∴ (H†)n = (n /2)

fogpsdfe!cz!Cptf!tznn/!W2
L = (0 ⊕ 2)

>!!3!jowbsjbout

\,2!gps! !boe!,2!gps! !>!5^B2
L WL BL

Example operator counting:

To get SU(2)W 2, need  4 Higgses  operator dimension   ≥ → ≥ 8

(H†H )n = (0 ⊕ 1 ⊕ 2 ⊕ . . . n) W2
L = (0 ⊕ 2)⊗
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Example operator counting:

To get SU(2)W 2, need  4 Higgses  operator dimension   ≥ → ≥ 8

(H†H )n = (0 ⊕ 1 ⊕ 2 ⊕ . . . n) W2
L = (0 ⊕ 2)⊗

which leads to the result

hIJ =

[

1 + φ2C(6)
H! +

∞
∑

n=0

(

φ2

2

)n+2
(

C(8+2n)
HD − C(8+2n)

H,D2

)

]

δIJ

+
ΓI
A,JφKΓK

A,Lφ
L

2

(

C(6)
HD

2
+

∞
∑

n=0

(

φ2

2

)n+1

C(8+2n)
H,D2

)

. (3.10)

3.2 Gauge bilinear metric: gAB(φ)

The relevant L(6+2n) terms for the Gauge Higgs interactions are

Q(6+2n)
HB = (H†H)n+1Bµν Bµν , (3.11)

Q(6+2n)
HW = (H†H)n+1W µν

a W a
µν , (3.12)

Q(6+2n)
HWB = (H†H)n(H†σaH)W µν

a Bµν , (3.13)

Q(8+2n)
HW,2 = (H†H)n(H†σaH)(H†σbH)W µν

a Wb,µν , (3.14)

Q(6+2n)
HG = (H†H)n+1Gµν

A
GA

µν . (3.15)

The Gauge-Higgs field space metric is given by

gAB(φI) =

[

1− 4
∞
∑

n=0

(

C(6+2n)
HW (1− δA4) + C(6+2n)

HB δA4

)

(

φ2

2

)n+1
]

δAB

+
∞
∑

n=0

C(8+2n)
HW,2

(

φ2

2

)n
(

φIΓ
I
A,Jφ

J
) (

φLΓ
L
B,Kφ

K
)

(1− δA4)(1 − δB4)

+

[ ∞
∑

n=0

C(6+2n)
HWB

(

φ2

2

)n
]

(φIΓ
I
A,Jφ

J) (1− δA4)δB4, (3.16)

and for the gluon fields GA,µ =
√
k

AB Gµ
B
, where

kAB(φ) =

(

1− 4
∞
∑

n=0

C(6+2n)
HG

(

φ2

2

)n
)

δAB . (3.17)

3.3 Yukawa couplings: Y (φ)

The Yukawa interactions of the Higgs field are extended in interpretation in a straightforward

manner. Here the relevant L(6+2n) operators are

Q(6+2n)
eH
pr

= (H†H)n+1($̄p er H), (3.18)

Q(6+2n)
uH
pr

= (H†H)n+1(q̄p ur H̃), (3.19)

Q(6+2n)
dH
pr

= (H†H)n+1(q̄p dr H). (3.20)

– 12 –

contributions to gAB
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What about GF?
GF involves more than quadratic terms:

However, since GF derived at muon mass scale  
and SM term is from L4, # of higher dimensional contributions is 

dramatically reduced

(D ∼ mμ ≪ Λ)

All orders result is possible even for contact terms:

[Hays, Helset, Martin, Trott 2007.00565]

C(8+2n)
4ℓ,2 (H†H)1+n (ℓ̄2γμσiℓ2) (ℓ̄1γμσiℓ1) iC(8+2n)

4ℓ,5 ϵijk (H†H)n (H†σiH) (ℓ̄2γμσjℓ2) (ℓ̄1γμσkℓ1)

𝒢4pt
F =

1
v̄2

T (C̃(6)
μccμ + C̃(6)

μμμe +
C̃(8+2n)

4ℓ,2

2n
+

C̃(8+2n)
4ℓ,5

2n )
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